A novel technique, corona discharge ion mobility spectrometry (CD-IMS), was developed for the qualitative and quantitative determination of 2-furfural (F) and 5-methyl-2-furfural (MF) in aqueous solutions. The limits of detection (LODs) were 5.3 × 10 -3 mg/mL for F and 6.7 × 10 -3 mg/mL for MF. The linear dynamic ranges of 1.16 × 10 -2 to 1.04 mg/mL and 2.20 × 10 -2 to 1.10 mg/mL were obtained for F and MF, respectively. The relative standard deviation was below 12% for both compounds. In addition to analysis of the individual compound, simultaneous determination of F and MF was also investigated. It was realized that F imposes a matrix effect on the MF signal and vice versa. The standard addition method was used to deal with the matrix effect. The recovery of the compounds in the synthetic samples validates the capability of the method.
Introduction
2-Furfural (F) and 5-methyl-2-furfural (MF), two products of the Maillard reaction (MR), are the most abundant of furfuraldehyde compounds; current studies have thus focused on them in processed foods. 1 The F and MF are the sugar degradation products that originate from pentose and hexose sugars, respectively. 2 When sugars are heated, furfural compounds can be produced in two ways: in the first pathway via Amadori compounds from MR by enolization in acidic conditions, or in the second pathway through lactose isomerization, known as the Lobry De Bruyu-Alberda van Ekenstein transformation (L-A) and the subsequent degradation reactions. 1, 3 These compounds have been used as potential indicators of temperature abuse and inadequate time of storage in different foods and related material, such as wine and milk, 4 infant furmulas, 5 honey, 6 orange juice, 7, 8 grape juice, 9 breakfast cereals, 10 and beer. 11 Therefore, the analytical control of furfuraldehydes is a useful tool in the food and related industries, as the presence of these compounds is very important for the evaluation of the quality of the processing method used and for the determination of organoleptic characteristics of the final product.
Furfural compounds are also the major by-products in ethanol (as a biofuel) production process. [12] [13] [14] In this process when the temperature reaches above 160°C initiated formation of sugar degradation products including furfural compounds exhibited a displacement in the hydrolysis reaction in the direction of the conversions of sugars to furfurals, which, in this case, were not desired. [15] [16] [17] These compounds are inhibitory to microbial growth in the hydrolysate and reduce the biofuel yield and productivity. [18] [19] [20] [21] [22] In general, furfural is inhibitory to yeast metabolism at a level of 1.0 g/L and greater. 23 For these reasons, the analysis of these compounds at the trace † To whom correspondence should be addressed. E-mail: jafari@cc.iut.ac.ir levels will be very useful for human health and biofuel production industries. Although these compounds were initially analyzed by spectrophotometric measurements, these methods have in common the handicap of not allowing the distinction between F and MF.
2,3 Therefore a previous separation procedure is needed because of the high overlapping observed in the absorption spectra of the two products. So far, traditional methods such as: gas chromatography (GC) with different detectors, [24] [25] [26] [27] high performance liquid chromatography (HPLC) with UV or diode array detection [28] [29] [30] [31] or electrochemical methods 32, 33 have been used for analysis of these compounds. However, these methods are time consuming, expensive, and quite laborious.
Ion mobility spectrometry (IMS) is a well-known technique which offers low detection limit, fast response, simplicity, and portability. 34 The ionization source is one of the key parts of an IMS instrument. 63 Ni is a common ionization source for IMS. We have investigated the capability of continuous corona discharge as an ionization source for IMS in both positive 35, 36 and negative modes. 37, 38 The advantage of corona discharge as an ionization source over 63 Ni is a higher total ion current by about an order of magnitude. This results in a better sensitivity, a higher signal to noise and a wider working range. The IMS works in positive and negative modes. In the positive mode of IMS, the analyte is ionized in ion-molecular exchange reactions with reactant ions, which are commonly hydrated protons.
In this work, the figures of merit were determined for each compound of furfurals in aqueous solution using CD-IMS. In addition the capability of the method for the simultaneous determination of furfural and methylfurfural in mixture solutions was also demonstrated.
Experimental

Apparatus
The IMS apparatus with corona discharge as the ionization source in the positive mode has been described previously. All of the parts of the IMS utilized in this work are the same as those described previously except the sample introduction system. The schematic diagram of the IMS cell used in this work is shown in Fig. 1 . In summary, a glass tube (i.d. 4 cm and 9 cm long) mounted with 20 stainless-steel guard rings, located 1 mm from each other, was used as the IMS cell. The guard rings are connected by a series of resistors to form the electric field. The corona electrode is a sharp needle, made of stainless-steel that is fixed at one end of the cell. In the positive mode of IMS, the analyte is ionized in ion-molecular exchange reactions with reactant ions. These ions are injected electronically from the ion source region into the drift region by means of an ion gate. In the drift region, ions are separated based on their mobility. A brass tube (i.d. 3 mm and o.d. 6 mm), located orthogonally with respect to the corona needle, was used to carry out the sample to the cell. The optimum experimental conditions for obtaining the ion mobility spectra of the compounds are given in Table 1 .
Sample introduction system
The chemical substances used in this work are known as volatile compounds and therefore sample introduction system which is based on a purging method was selected for injection of analyte to IMS. This separation technique is the removal of volatile compounds from a liquid by diffusion of these materials into a stream of gas bubbles passing through it. 40 In this work the sample introduction system consists of a gas washing bottle (150 mL), a rotameter for measuring the gas flow rate and Teflon tubing for connections. Each aqueous standard solution of furfural compounds was transferred into the washing bottle. Then, some pure nitrogen was bubbled through the solution. The temperature of the analyte solution and the flow rate of the purging gas are two important parameters in purge efficiency. An increase in temperature always increases purge efficiency; the flow rates from 30 to 50 mL/min are commonly recommended. 41 In this work, the temperature of analyte solution was adjusted to 50°C and the flow rate of 50 mL/min was selected for nitrogen gas. The outlet of the washing bottle was connected to the IMS cell by a Teflon tube and the analyte was transferred by nitrogen into the IMS cell.
Chemicals and solutions
Furfural (CAS-No. 98-01-1, purity ≥ 99%) and 5-methyl-2 furfural (CAS-No. 620-02-0, purity ≥ 98%) were purchased from Merck. Stock standard solutions (11.6 and 11.0 mg/mL for F and MF, respectively) were prepared in triply-distilled water. Working solutions were prepared by successive dilution of the stock solutions for these compounds.
Results and Discussion
The ion mobility spectra of blank, F, and MF at the optimum IMS conditions are shown in Fig. 2 . In this work, nicotinamide with V -1 -1 42 reduced mobility of 1.85 cm 2 s was used as an internal calibrant. The blank spectrum was recorded after passing the purging gas through the triply-distilled water as the blank solution. According to Fig. 2 reported by Carroll and coworkers 43 at 160°C confirms that RIP1 and RIP2 peaks belong to H + (H2O)n and NH4 + , respectively. Therefore, the main reactant ion is H + (H2O)n, which is shown as a saturated peak in this figure. When the blank solution was replaced with the standard solution of furfurals, the ion mobility spectrum of these compounds can be obtained. The ion mobility spectra of F and MF indicate one peak labeled F (Ko = 2.09 cm 2 V -1 s -1 ) and one labeled MF (Ko = 1.97 cm 2 V -1 s -1 ). Since there is no reported reduced mobility for these product ions in the literature, the chemical formulae of the ions have not been recognized. In fact, the coupling of IMS to a mass spectrometer is needed for characterization of the chemical formula of the product ions. However, information of mass spectrometry studies of these compounds also could help us to identify the ions in ion mobility spectrometry. Furfurals have the proton affinity values as high as those of ketones (>820 kJ/mol) 34 and therefore they can attract the proton of water clusters ions and the positive ions of these compounds could be formed during the ionization process in IMS. The mass spectra of these compounds obtained from NIST library with electron impact ionization source are shown in Fig. 3 . This figure indicates that the mass spectrum of each compound shows two intense signals of the M + and (M-1) + with low fragmented ions. From the figure, it can be concluded that the molecular structures of the compounds are stable. Therefore, the peaks of F and MF in ion mobility spectra of these compounds might be due to formation of MH + (H2O)n ions from chemical reaction between M and H + (H2O)n as the compound molecule and reactant ion, respectively. 34 The reduced mobility and their corresponding standard deviations for all of the ions in the ion mobility spectra of background and furfural compounds are listed in Table 2 .
Response of the analyte
The selected sample introduction system has a characteristic that the amount of the analyte in the purging gas decreases during the dilution time. This phenomenon is shown for a solution of F (0.464 mg/mL) in Fig. 4 . According to this figure, when the purged analyte is injected into the carrier gas, the peak of compound appears after a short time, reaches a maximum and decays almost exponentially. This figure shows that the height of the furfural signal is dependent on the purging time and it decreases with time. In this work, the response of all the analytes was measured 2 min after the beginning of the purging.
Calibration curves
The calibration curves for the furfurals of F and MF were obtained by plotting their respective responses against the concentration of each compound. These calibration curves are shown in Fig. 5 . The linear ranges were 1.16 × 10 -2 to 1.04 mg/mL and 2.20 × 10 -2 to 1.10 mg/mL for F and MF, respectively and the correlation coefficients (R2) were above 0.99. The working range is about three orders of magnitude for these Table 3 compounds. Detection limits (LODs) of this method for determination of F and MF were 5.3 × 10 -3 and 6.7 × 10 -3 mg/mL, respectively. The relative standard deviation percentage (RSD%) was found to be typically below 12% for both compounds. The analytical parameters of the CD-IMS method for determination of F and MF are given in Table 3 .
Analysis of F and MF in aqueous mixtures
The ion mobility spectrum of the mixture of F (0.464 mg/mL) and MF (0.440 mg/mL) is shown in Fig. 6 . According to this figure, no overlapping is really observed among the peaks of two conduct compounds. In order to conduct quantitative analysis of two compounds in a mixture, we prepared two separate calibration graphs for the determination of F and MF under the optimum conditions described above. The solutions were prepared so that the analyte concentrations are the same in the pure solution and in the mixture solution. It was realized that, at the same concentration and experimental conditions, the IMS response of the F or MF decreased in the presence of the other one. This means that the analytical signal of each of these compounds is changed by the other and thus each of these compounds has a matrix effect for determination of the other one. In order to investigate the effect of F concentration on MF calibration curve, we conducted the following experiments.
Two sets of standard solutions were prepared: the first set has different concentrations of F and the second set was prepared so that they have the same concentration of F as the first set plus constant concentrations (0.22 mg/mL) of MF. The IMS response of F against its concentration was plotted for the two sets of the solutions. The same experiments are carried out for determination of MF in the presence of F. The results of these experiments are shown in Fig. 7 . This figure shows that the response of F in the presence of MF and the response of MF in the presence of F are still linear; however, the slopes of the calibration curves are decreased. The slope of the calibration curve with standard solutions without MF is significantly different from the slope of the plot of the calibration curve with standard addition containing MF and the same result is obtained for MF. The results of these experiments allow us to use standard addition method to deal with the matrix effect of each of these compounds on the other's compound determination. The results of F and MF determination in the presence of each other in different synthetic samples using the standard addition method are shown in Table 4 . The relative error percentage reveals the capability of the standard addition method to deal with the matrix effect on F and MF determination.
It should be emphasized that matrix effects generally have a diminishing influence on the selectivity of IMS. Therefore, in order to analyze real samples, one needs a separation technique in quantitative analysis of compounds in a complex matrix before the sample is introduced into the IMS. As a result, in quantitative analysis of furfural and methylfurfural in biological samples such as biofuel production, first of all, furfural and methylfurfural should be separated from the matrix and then the standard addition method could be used to deal with the matrix effect imposed by furfural on the methylfurfural signal and vice versa. 
Conclusions
Corona discharge ion mobility spectrometry (CD-IMS) was successfully applied to the determination of furfural and methylfurfural in aqueous samples. This methodology is simple and fast. The low detection limits for the compounds reveal the capability of the method. Additionally, F and MF were simultaneously analyzed without using any separation technique.
